Alternative splicing (AS) that occurs at the final coding exon (exon 47) of the Ca v 2.1 voltage-gated calcium channel (VGCC) gene produces two major isoforms in the brain, MPI and MPc. These isoforms differ in their splice acceptor sites; human MPI is translated into a polyglutamine tract associated with spinocerebellar ataxia type 6 (SCA6), whereas MPc splices to an immediate stop codon, resulting in a shorter cytoplasmic tail. To gain insight into the functional role of the AS in vivo and whether modulating the splice patterns at this locus can be a potential therapeutic strategy for SCA6, here we created knockin mice that exclusively express MPc by inserting the splice-site mutation. The resultant Cacna1a
Introduction
The Ca V 2.1 calcium channel is a pore-forming subunit of the P/ Q-type voltage-gated calcium channel. Highly expressed in the cerebellar Purkinje cells (PCs), it has been shown to play a pivotal role in multiple neuronal functions, including neurotransmitter release from the presynaptic terminal and the generation of the rhythmic firing of cerebellar PCs (1, 2) . Molecular diversity of the Ca V 2.1 channel occurs through alternative splicing (AS) which, together with the diversity of auxiliary a2d and b subunits, greatly enhances its functional diversity (3) . However, the role of AS and its relevance in neurological conditions in vivo remain largely elusive. Spinocerebellar ataxia type 6 (SCA6) is a dominantly inherited neurodegenerative disorder caused by the expansion of a CAG repeat in the CACNA1A gene (4, 5) . In SCA6, the CAG repeat encodes a polyglutamine (PolyQ) tract in the cytoplasmic tail domain of the Ca V 2.1 voltage-gated calcium channel subunit. A unique genetic feature of SCA6 is that the CAG tract is present in an alternatively spliced exon. AS that occurs at the beginning of the last coding exon (exon 47) of CACNA1A produces two major Ca v 2.1 isoforms, MPI and MPc, in the brain (6) . These isoforms differ in their splice acceptor sites, such that MPI translates a PolyQ tract from the CAG coding repeat, whereas MPc splices to an immediate stop codon, resulting in a shorter cytoplasmic tail that lacks the PolyQ tract.
Expansion of a CAG trinucleotide repeat in the coding exon causes nine inherited neurodegenerative disorders known as polyglutamine diseases (7) . Recent molecular genetic studies have shown that these disorders are caused primarily by a toxic gain-of-function mechanism but a partial loss of function may also contribute to the pathogenesis (8, 9) . It has been widely accepted that the expanded PolyQ tract alters the conformation of the protein. One plausible hypothesis for the pathogenesis of these disorders is that the alteration of native conformation/interaction may initiate the disease process (10) . In the case of SCA6, we previously showed that the expanded PolyQ tract does not affect the basic properties of Ca v 2.1 channel function in vivo (11, 12) , but how the mutation affects native molecular interactions between Ca v 2.1 and other proteins is unknown. In fact, recent proteomic approaches have suggested that Ca v 2.1 not only forms a functional channel complex with its accessory subunits including Ca v b and Ca v a2-d, but may also form functional domains called Ca 2þ nano-environments through interactions with more than 100 different molecules existing within several tens to one hundred nanometers away from the complex (13) . Thus, to elucidate the underlying pathogenic mechanism of SCA6, it is crucial to clarify how expansions affect protein-protein interactions, particularly those mediated by the carboxyl terminal part of the non-expanded Ca V 2.1 channel. To this end, and to address the functional significance of AS at exon 47, we describe here the creation of a knockin (KI) mouse line that exclusively expresses the MPc isoform by the insertion of a splice-site mutation at the beginning of exon 47. Interestingly, the mutation did not affect the basic properties of the channel or excitatory synaptic inputs onto cerebellar PCs but the resultant Cacna1a
CtmKO/CtmKO mice did develop complex neurological phenotypes, including motor incoordination and absence seizure. Protein interaction analysis of cerebellar lysates revealed that interactions of Ca V 2.1 with Ca V b4 and Rimbp2 were significantly reduced while those with GABA B2 were enhanced in the Cacna1a CtmKO/CtmKO mice. Pharmacological analysis suggested that altered GABA B receptor signaling is at least partially responsible for the motor incoordination observed in the mutant animals.
Results

Generation of Sca6 CtmKO mice
To generate the mice that exclusively express the MPc isoform of Ca v 2.1, we introduced a splice-site mutation (Fig. 1A ) that precluded the production of both MPI and MPII (6) isoforms into Cacna1a by homologous recombination in embryonic stem cells. After confirming the germline transmission in F1 and F2 generations, cDNAs that were derived from cerebellar RNAs of F2 homozygous mutant mice (Cacna1a CtmKO/CtmKO ) were used for expression analysis of the Ca v 2.1 transcripts. We confirmed the absence of both MPI and MPII transcripts by performing RT-PCR analysis followed by sequencing (12) .
We also performed quantitative RT-PCR (qPCR) analysis using primers designed to amplify between exons 18 and 19. Similar levels of expression were detected in the wild-type (WT) and Cacna1a
CtmKO/CtmKO cerebella at 10 weeks (Fig. 1B) , suggesting that the mutations did not affect the transcription of Cacna1a.
We next examined the expression of Ca v 2.1 channels by immunoblotting with anti-Ca v 2.1 antibodies (Abs) raised against the intracellular loop between domains II and III (Alomone Labs). Cerebellar extracts from WT mice resulted in two main Ca v 2.1 immunoreactivities (IRs) between 150 and 250 kDa. Based on the predicted amino acid composition, the upper (double asterisk in Fig. 1B ) and lower (asterisk in Fig. 1B 
Neuropathological analysis of CtmKO mice
To investigate possible neurodegenerative changes in the cerebellum of Cacna1a CtmKO/CtmKO mice, we performed neuropathological analysis. Hematoxylin/eosin staining revealed no significant gliosis or neuronal loss in the cerebellum of between the 70-week-old Cacna1a CtmKO/CtmKO mice and their WT littermates ( Fig. 3A and B). These results suggest that the mutation did not cause progressive cerebellar degeneration. Ca V 2.1 knockout mice have been reported to display proximal decrease of climbing fiber (CF)-PC innervation including somatic CF-PC innervation (16) . Accordingly, we investigated the CF-PC innervation pattern in 10-week-old Cacna1a
CtmKO/CtmKO mice by double immunofluorescence for calbindin and VGluT2, a marker for CF terminals ( Fig. 3C-J) . However, neither the relative height of most distal tips of CF terminals nor the number of CF terminals on 10 lm of somatic membrane showed significant phenotypic differences ( Fig. 3S , mean 6 SEM, Mann-Whitney U-test). Similarly, we found no significant difference between Cacna1a CtmKO/CtmKO and WT mice in the distribution pattern of VGluT1-positive PF terminals ( Fig. 3K and M) , VIAAT-positive inhibitory terminals ( Fig. 3L  and N) , parvalbumin-positive cell bodies of molecular layer interneurons ( Fig. 3O and Q) , or 3PGDH-positive Bergmann glia ( Fig. 3P and R). Altogether, these data suggest that the mutation did not cause discernible developmental or neurodegenerative changes in the cerebellum of Cacna1a CtmKO/CtmKO mice.
Assessment of Ca V 2.1 channel interactions in the cerebellum of CtmKO mice
We next examined Ca V 2.1 channel interaction in the mutant cerebellum. Ca V 2.1 forms functional channels with auxiliary Ca V b subunits; previous reports have suggested that these channels are embedded in protein networks that may be assembled from a pool of approximately 130 proteins (13) . Since motor impairments in Cacna1a CtmKO/CtmKO mice did not seem to be associated with neurodegeneration, we hypothesized that they might result from aberrant Ca V 2.1 channel interactions with molecules functioning in cerebellar neurotransmission. Thus, using co-immunoprecipitation assays with anti-Ca V 2.1 Abs, we evaluated the effect of the splice-site mutation on Ca V 2.1 channel interactions with several candidate proteins that have been reported to be involved in channel complex formation, neurotransmitter release from presynaptic terminals or postsynaptic receptor signaling (13) . We first examined the interaction between Ca V 2.1 and Rimbp2, a presynaptic direct interactor that has been implicated in Ca 2þ -triggered neurotransmitter release, because MPI (but not MPc) translates RQLPQTP, an SH3 domain-binding motif that is necessary for the interaction (17, 18) . Consistent with the literature, the interaction between Ca V 2.1 and Rimbp2 was greatly reduced in the CtmKO cerebellum (Fig. 4A) .
Interestingly, we also found that the Ca V 2.1 interaction with Ca V b4, a predominant b subunit in the cerebellum whose spontaneous loss-of-function mutation is associated with ataxia and absence seizure in the lethargic (lh/lh) mouse (19) , was significantly reduced in the mutant cerebellum (Fig. 4B , 0.74 6 0.07, P ¼ 0.045 by Student's t-test, unpaired, from three experiments). This was unexpected because the primary site responsible for the highaffinity Ca V 2.1-Ca V b4 interaction exists within a highly-conserved domain in the cytoplasmic I-II loop of the Ca V 2.1 channel (AID) (20) . In contrast, the presence of the secondary low-affinity site within the C-terminus was predicted only for the rabbit BI-2 Ca V 2.1 channel (21), whose C-terminal amino acid coding sequence showed poor homology with that encoded by mouse (Supplementary Material, Fig. S4 ) and human exon 47.
In contrast to these interactions, the Ca V 2.1 interaction with GABA B2 , a principal subunit of the G protein-coupled receptor for GABA, was significantly enhanced (Fig. 4B, 1 another splice-site mutation (12) 
Electrophysiological analysis of neurotransmission in the CtmKO cerebellum
To investigate whether glutamatergic neurotransmission is affected by the loss of the MPI-type channel in Cacna1a
CtmKO/CtmKO mice, we recorded excitatory postsynaptic currents (EPSCs) of PF-to-PC and CF-to-PC synapses in acute cerebellar slices. The amplitude and paired-pulse depression of CF-to-PC EPSCs were similar between WT control and Cacna1a CtmKO/CtmKO mice (Fig.   5A ,B,E). Moreover, there was no significant difference in the paired-pulse facilitation in PF-to-PC EPSCs between WT and Cacna1a CtmKO/CtmKO mice ( Fig. 5C-E) .
Stimulation of GABA B receptors in the central nervous system can inhibit Ca V 2.1 channels through a G protein-mediated mechanism (22, 23) and Ca V b channels have been shown to modulate the effects of Gbc (24); therefore, we hypothesized that altered Ca V 2.1 interaction with both GABA B2 and Ca V b4 in Cacna1a
CtmKO/CtmKO mice enhances the G protein-mediated inhibition of the PF-to-PC transmission through GABA B receptors.
To test this hypothesis, we measured the ability of the GABA B receptor agonist baclofen to inhibit the transmission at the PF-PC synapse. As shown in Figure 6A and B, baclofen (1 lM) treatment showed more potent inhibition in Cacna1a CtmKO/CtmKO slices than in WT slices, suggesting that the PF-PC transmission in Cacna1a CtmKO/CtmKO mice was more susceptible to inhibition by GABA B receptors than in their WT counterparts. This alteration did not seem to result from altered passive membrane properties of PCs in Cacna1a CtmKO/CtmKO mice, as similar leak currents were obtained from the slices of WT and Cacna1a
CtmKO/CtmKO mice both before and after baclofen application (Fig. 6C) .
Effects of the GABA B receptor antagonist CGP 35348 on motor incoordination in CtmKO mice
To examine whether enhanced GABA B signaling contributes to motor incoordination in Cacna1a CtmKO/CtmKO mice, we treated both adult (10-15 weeks of age) Cacna1a CtmKO/CtmKO and WT mice with CGP 35348, a short acting GABA B antagonist (100 mg/kg, given intraperitoneally 30 min before testing on days 2, 3, and 4) and tested them on the Rotarod (Fig. 6D) . Treated Cacna1a
CtmKO/CtmKO animals showed significantly improved performance on the Rotarod compared to the vehicle-treated mutants (left panel, P < 0.01, by repeated measures ANOVA), while treated WT mice showed similar performance on the Rod compared to the vehicle treated group (right panel). Footprint analysis of 10-week-old Cacna1a CtmKO/CtmKO mice using the Catwalk automated gait analysis system (14) also revealed that alterations in their interlimb coordination (i.e., the regularity index) (Supplementary Material, Fig. S8C ) and the relative duration of contact with the glass plate of combinations of two lateral paws (i.e., the support lateral) (Supplementary Material, Fig. S8D ) were significantly improved after the treatment. These results suggest that the altered GABA B signaling was at least partially responsible for the motor impairments in Cacna1a CtmKO/CtmKO mice.
Expression levels of the four putative a1ACT-regulated genes in the cerebellum of young CtmKO mice
The C terminus of the Ca v 2.1 subunit (a1ACT) has been shown to be present in cultured cells that heterologously express Ca v 2.1 (25, 26) and in the postmortem cerebellar tissues (27) , although we were unable to detect such a small C-terminal fragment in the cerebellar extracts in any of our previous Sca6 KI models (11, 12) . Recently, Du et al. demonstrated that the a1ACT that was independently derived from a bicistronic transcript may translocate to the nucleus and function as a transcription factor to enhance the expression of at least four genes (TAF, GRN, BTG1 and PMCA2) in the cerebellum (28) . In that study, it was hypothesized that the PolyQ-expanded a1ACT loses the transcription factor function, but we were unable to detect similar transcriptional changes in our Sca6 knockin models (29) . Because a splice-site mutation in the Cacna1a
CtmKO/CtmKO mice was predicted to result in the truncation of 42.4% (156/368) of the protein sequence of putative mouse a1ACT (Supplementary Material, Fig. S7A ), we examined the expression levels of the four putative a1ACT-regulated genes using quantitative PCR in the Cacna1a CtmKO/CtmKO cerebellum ( Supplementary   Material, Fig. S7B ). We found that none of these genes showed significant changes in their expression levels, suggesting that the putative transcriptional activity of a1ACT was not involved in the pathogenesis of Cacna1a CtmKO/CtmKO mice.
Discussion
AS introduces molecular diversity in the Ca v 2.1 channel but its functional significance in vivo is poorly understood. Our results clearly indicated that the MPI-type Ca v 2.1 channel, which is generated through AS occurring in the last coding exon, is indispensable for normal motor coordination as well as the prevention of epileptic activities in mice. How does the loss of the MPI isoform lead to the complex neurological phenotypes that were observed in Cacna1a (15) and rocker (30), our electrophysiological analysis showed that the mutation did not directly alter basic properties of calcium currents in Purkinje cell somas. Rather, our proteomic analysis suggests that the difference in multiple Ca v 2.1 interactions (i.e., the differential Ca þþ nano-environment between MPI-and MPctype channels) mediates these phenotypes. Among the three interactions that were altered in the Cacna1a
CtmKO/CtmKO cerebellum, enhanced Ca v 2.1-GABA B2 interaction seems to contribute to the pathogenesis at least to some extent because treatment with CGP35348 improved motor impairments in Cacna1a CtmKO/CtmKO mice. The GABA B receptor and
VGCCs have been shown to form a biochemically stable signaling complex in vivo (13) and activation of the GABA B receptor generally leads to the inhibition of both presynaptic and postsynaptic VGCCs (22, 23) , although their exact roles in cerebellar neurotransmission remain elusive. Reduced Ca v 2.1-Ca v b4 interaction in the Cacna1a
CtmKO/CtmKO cerebellum may also be relevant to the pathogenesis for a couple of reasons. First, a lack of alteration in the basic properties of calcium currents in Purkinje cell somas (31) was commonly seen in Cacna1a CtmKO/CtmKO and lh/lh mice. Second, enhanced GABA B receptor-mediated signaling was also associated with lh/ lh mice (32).
Conversely, behavioral phenotypes have not been reported for double knockout mice for Rimbp1 and Rimbp2 (33) . Therefore, the contribution of reduced Ca V 2.1-Rimbp2 interaction to the pathogenesis seems minimal, if any, although the degree of its reduction was distinct in the cerebellum of Cacna1a
CtmKO/CtmKO mice.
Taking these findings together, we speculate that the lowaffinity secondary interaction between the C-terminus of Ca v 2.1 and Ca v b4 physically affects the interaction between Ca v 2.1 and GABA B2 , thereby rendering the MPI-type channel less susceptible to GABA B -mediated inhibition compared to the MPc-type channel (Fig. 6E) . It should be noted that lh/lh mice, which suffer from complete loss of Ca v b4 function, show additional phenotypes such as decreased locomotor activity and growth retardation (34) . Because the AID-mediated high-affinity Ca v 2.1-Ca v b4 interaction is assumed to be maintained in Cacna1a
CtmKO/CtmKO mice, the lack of these phenotypes in Cacna1a
CtmKO/CtmKO mice seems to be explained by the hypothesis that they suffer from partial Ca v b4 loss of function. GABA B receptors mediate inhibitory effects on neural excitability in the brain and their activation has often been linked with an overall antiepileptic effect. However, it could also produce disinhibition of principal excitatory neurons if GABA B and mediates the interaction with Cavb4 as well as Rimbp2. Since interaction between GABAB2 and MPI-type channel is relatively weaker compared to interaction between GABA B2 and MPc-type channel, MPI-type channel is less susceptible to GABA B -mediated inhibition.
receptors expressed on presynaptic axon terminals of inhibitory interneurons are predominantly activated. Consistent with this notion, recent lines of evidence have highlighted the role of enhanced GABA B receptor-mediated responses in seizure generation in both humans and mice (35, 36) . More importantly, GABA B receptor antagonists were shown to effectively suppress seizure activities in lh/lh mice (32) . Therefore, we anticipate that GABA B receptor antagonists may also effectively inhibit absence seizures in Cacna1a CtmKO/CtmKO mice, although future work is necessary to clarify their molecular mechanisms. Because repeat-expanded MPI-type channels play a causative role in SCA6 pathogenesis, decreasing its production by altering the splice patterns at this locus, possibly by pharmacological intervention, could emerge as a potential therapeutic strategy for SCA6, as in the case of spinal muscular atrophy (37) and Alzheimer disease (38) . Such an approach would require careful consideration as Cacna1a
CtmKO/CtmKO mice suffer from complex neurological diseases. Nevertheless, our results suggest that decreasing the MPI-isoform by 50% may slow the progression of SCA6 because we have not observed any significant phenotype in Cacna1a CtmKO/þ mice.
Protein context has been increasingly shown to be important in the pathogenesis of polyglutamine disorders, such that normal function of the host protein may determine molecular pathways, pathogenic progression, and potential therapeutic targets. Thus, in future experiments, it will be necessary to reveal whether altered functions or interactions mediated by the carboxyl terminal part of Ca v 2.1 are involved in SCA6 pathogenesis.
Materials and Methods
Antibodies
Anti-Rimbp2 antibodies were kindly provided by Dr. Hibino. Anti-Ca v 2.1 antibodies for immunoprecipitation were purchased from Millipore. Anti-GABA B2 antibodies for immunohistochemistry were purchased from Abcam.
Generation of Sca6 CtmKO mice
A 129/SvEv mouse genomic clone used for the generation of Sca6 84Q mice was used to construct a targeting vector. In brief, two splice acceptor AG sequences that were used for the production of MPI and MPII were disrupted ("A GGG CAG TAG TTC" to "AG TAG TGA"). In addition, a Sac II fragment that includes part of the mouse Sca6 exon 47 was replaced with the homologous fragment prepared from human Ca V 2.1 cDNAs for PCR-mediated genotyping. Mating the chimeric mice with mice expressing CAG-Cre (39) allowed the excision of the Neo/Tk selection cassette. The mutant mice were analyzed after a minimum of five backcrosses to C57BL/6J mice. All of the animal procedures were performed in accordance with the protocols approved by the Animal Experiment Committee of the Tokyo Medical and Dental University (#0090078).
Protein expression
Protein extracts of mouse cerebellum were obtained using NE-PER nuclear and cytoplasmic extraction reagents (Thermo Scientific). Twenty micrograms of protein was loaded onto an SDS polyacrylamide gel. For detection of Ca V 2.1, PVDF membrane blots were probed with Ca V 2.1 antibodies (1 lg/ml).
RT-qPCR
The first strand of cDNA was synthesized using Superscript II Reverse Transcriptase (Life Technologies) and oligod(T) [12] [13] [14] [15] [16] [17] [18] (Life  Technologies) . Five micrograms of total RNA was used in the RT reaction. The reaction of qPCR was quantified with Light Cycler 480 SYBR Green I Master Mix (Roche Applied Science) and the Light Cycler 480 Instrument II system (Roche Applied Science).
Immunoprecipitation
The protocol for immunoprecipitation was as described previously (29) , with the following composition of modified lysis buffer is [25 mM Hepes-NaOH (pH7.5), 300 mM NaCl, 2% CHAPS, 1 mM EGTA and complete mini EDTA free (Roche)].
Rotarod test
The animals were placed on an accelerating rotating rod (UGO Basile) in four trials every day for a period of four days, as described previously (15) .
Open field test
The animals were placed in the corner of an open field (50 Â 50 Â 40 cm 3 ) at 70 lux illumination. Animal movement was detected for 30 min using a charge-coupled device camera to record an image every 0.5 s. The images were processed with custom software (O'Hara & Co.).
PC preparation
Neurons were prepared from P35-P42 cerebella. The cells were plated on coverslips precoated with poly-D-lysine and laminin (BD Biosciences) in a 24-well plate containing Neurobasal complete medium (containing sodium pyruvate, L-glutamine, B27, and N-acetylcysteine). Smooth curves for the I-V relationships were obtained by fitting to the following equation: I (V m ) ¼ G * (V m -V rev )/(1 þ exp (V 0.5 -V m )/k)), where I (V m ) is the peak Ba 2þ current amplitude at membrane potential V m , G is the maximum Ba 2þ conductance, V rev is the reversal potential, V 0.5 is the potential to give a half-value of conductance, and k is the slope factor.
Immunohistochemistry
Formalin-fixed, paraffin-embedded, 6-lm-thick sections were deparaffinized, exposed to microwave in citrate buffer, and treated with respective antibodies.
Electrophysiology for acute cerebellar slices
Preparation of acute cerebellar slices and recording from Purkinje cells (PCs) were performed as described previously (40) . Leak currents during PF-EPSC recording were measured from the steady current response to command voltage steps from À80 to À85 mV for 30 ms.
Electroencephalography (EEG)
Electroencephalograms were recorded in freely behaving mice as described previously (41) .
Statistical analysis
A one-way repeated measures was used for the Rotarod analysis, unless otherwise noted. Student's t-test was utilized for the biochemical analyses and for the quantitative analysis of PC counting. The Mann-Whitney U test or Student's t-test was used as indicated in the text when two independent samples were compared.
